The AROM protein of Aspergillus nidulans is a multidomain pentafunctional polypeptide that is active as a dimer and catalyses steps 2-6 in the prechorismate section of the shikimate pathway. The three C-terminal domains (including the type I 3-dehydroquinase) of the AROM protein are homologous with the qutRencoded QUTR protein that represses transcription of the eight genes comprising the quinic acid utilization (qut) gene cluster, and the two N-terminal domains are homologous with the qutAencoded QUTA protein that transcribes the qut genes. As part of a larger research programme designed to compare the structures of the three proteins and to probe the domain structure and interaction within each protein, we have overproduced and purified the 3-dehydroquinase domain of the AROM protein.
INTRODUCTION
The pentafunctional AROM protein catalyses steps 2-6 in the prechorismate shikimate pathway converting 3-deoxy-D-arabinoheptulosonic acid-7-phosphate into 5-enolpyruvyl shikimate-3-phosphate. The AROM protein is present in fungi, yeast and Euglena and is encoded by a single gene, but, by contrast, the five genes encoding the equivalent enzymic activities tend to be dispersed in prokaryotes and plants (Bentley, 1990) . There is no evidence for aggregation of these enzymes in prokaryotes, but plants possess a bifunctional protein consisting of the 3-dehydroquinase (DHQase; EC.4.2. 1.10) and shikimate dehydrogenase (EC 1.1.1.25) activities equivalent to the two C-terminal domains of the AROM protein (Mousdale et al., 1987) indicating in this instance the presence of four genes. The two intermediates 3-dehydroquinate (DHQ) and dehydroshikimate (DHS) that are interconverted by the 3-dehydroquinase activity (EC 4.2.1.10) associated with the AROM protein are also intermediates in a related pathway responsible for the catabolism of quinate to protocatechuate (PCA) (Giles et al., 1967) . The quinate pathway metabolites DHQ and DHS are interconverted by a second DHQase isoenzyme whose corresponding gene is subject to regulation at the level of transcriptional control by a distinct genetic mechanism (Giles et al., 1985; Grant et al., 1988) . In Aspergillus nidulans the genes encoding the shikimate and quinate pathway DHQases have been isolated by molecular cloning and their nucleotide sequences determined (Charles et al., 1986; Da Silva et al., 1986) . Comparison of the deduced protein sequences showed no similarity at the nucleotide or amino acid sequence encoded quinate dehydrogenase and overproduced the qa-2 encoded type II 3-dehydroquinase of Neurospora crassa. We report that the AROM 3-dehydroquinase domain has a monomeric native state, with an apparent kcat/Km ratio that is approx. 160-fold lower than the value for the native N. crassa AROM protein. The AROM protein 3-dehydroquinase domain is sensitive to inactivation by borohydride in the presence of the substrate 3-dehydroquinate, confirming that it is a typical type I 3-dehydroquinase. The purified quinate dehydrogenase is bifunctional, being able to metabolize shikimate as a substrate. The apparent Km values for quinate (450,M), shikimate (1.7 mM) and NADI (150 1sM) are all similar to values reported for the qa-3-encoded enzyme from N. crassa.
level, leading to the proposal that the genes encoding the two enzymes were phytogenetically distinct, potentially identifying a case of convergent evolution (Hawkins, 1987; Duncan et al., 1987) . Subsequent work has confirmed this prediction and introduced a new classification dividing DHQases into two distinct classes . Type I DHQases have monomer molecular masses of around 27 kDa, are metabolically active as dimers, and catalyse a cis abstraction of water from DHQ using an active-site lysine to form a Schiff base as part of the reaction mechanism (Schneier et al., 1993) . Type II DHQases have subunit molecular masses in the range 16-18 kDa, are metabolically active as dodecamers and catalyse a trans abstraction of water from DHQ without using an active-site lysine to form a Schiff base as part of the reaction mechanism. Type I DHQases are almost exclusively biosynthetic in nature, whereas type II DHQases are commonly active in both the catabolic quinate pathway and the biosynthetic shikimate pathway (White et al., 1990; Garbe et al., 1991) . Recently however a dualfunction type II DHQase active in both the quinate and shikimate pathways has been characterized in Amycolatopsis methanolica (Euverink et al., 1992) .
The AROM protein of Neurospora crassa has been the most extensively studied example of this protein where a number of interesting features, including channelling and catalytic facilitation, have been ascribed based on in vitro biochemical data (Gaertner et al., 1970; Welch and Gaertner, 1976) . This work was subsequently challenged when the enzyme preparations were found to be proteolytically damaged and deficient in zinc atoms (Lambert et al., 1985) . Subsequently the AROM protein has been studied in A. nidulans by in vivo methods based on the principles of metabolic control analysis, where it has been shown that the AROM protein is extensively leaky . In addition it has been shown that flux ofthe common metabolites DHQ and DHS can be directed within and between the two pathways by up-modulation ofparticular enzyme concentrations, allowing increased flux into the shikimate pathway (Lamb et al., 1991) .
The three C-terminal domains of the AROM polypeptide (including the DHQase domain) shows sequence identity with the QUTR transcription repressor protein encoded by the qutR gene in A. nidulans. The QUTR protein represses transcription of the eight genes comprising the quinic acid utilization (qut) gene cluster, and is the first documented case of a eukaryotic repressor protein having sequence similarity to that of metabolic enzymes (Anton et al., 1987; Hawkins et al., 1992) . Most recently, however, it has been reported that the two N-terminal domains of the AROM protein show sequence identity with the QUTA transcriptional activator protein encoding by the qutA gene. This is the first case where the genesis and evolutionary history of a pair of interacting eukaryotic transcriptional regulatory proteins has been established .
As part of a continuing programme of research designed to compare and probe the domain structure and function within the AROM and QUTR repressor proteins of A. nidulans, we have overproduced the DHQase domain of the AROM polypeptide in Escherichia coli and characterized the purified protein. We are also pursuing a study of metabolic flux within and between the quinate pathways and to this end we report the overproduction, purification and characterization of the qutB-encoded quinate dehydrogenase (EC 1.1.1.24). The purpose for this exercise is to allow us to determine the elasticity control coefficients associated with this enzyme and use these in calculations to determine the flux control coefficients of the three quinate-pathway enzymes (Lamb et al., 1991 . The crystallization of the type I 3-dehydroquinase from Salmonella typhi has been reported (Boys et al., 1992) , and we report here the overproduction of a type II DHQase (EC 4.2.1.10) from Neurospora crassa. This enzyme will be used in crystallization trials with type II DHQases from A. nidulans and M. tuberculosis as practical experience demonstrates that trials with a range of related enzymes increases the chances of success. Successful crystallization will facilitate a structural comparison of these two classes of enzymes.
MATERIALS AND METHODS Plasmids, recombinant lambda and strains
The origins of the recombinant phage lambda and plasmids other than those constructed as part of the research described in this manuscript have been described previously (Charles et al., 1986; . The E. coli strains used in this work have been described previously, as have methods for their growth and propagation (van den Hombergh et al., 1992; Studier et al., 1990) .
Materlals
Chemicals and solvents other than DHQ were of AnalaR or greater purity and purchased from local suppliers. DHQ was made from quinate and purified by chromatography as previously described (Grant et al., 1988; Grewe and Haendler, 1966 . All other routine molecular-biology protocols followed individual manufacturer's recommendations or were as described previously (Maniatis et al., 1982) . SDS/PAGE was carried out according to the method of Laemmli (1970) , using a 5 %-acrylamide stacking gel and 10 %-acrylamide separating gel, and proteins were made visible by staining with Coomassie Brilliant Blue. Small-scale (2 ml) growth and induction of fusion-protein synthesis in E. coli with IPTG was as previously described (Hawkins and Smith 1991; van den Hombergh et al., 1992 3-Dehydroquinase AROM domain and quinate dehydrogenase of Aspergillus aliquots of enzyme (10 units) in 25 mM Tris, pH 7.5, were placed in 1.5 ml polypropylene Eppendorf tubes, and one was made 360 ,uM with respect to DHQ. After thoroughly mixing, 2 ,1 of a 20 mg ml-' solution of NaBH4 in 40 mM NaOH was added to each sample and the solutions mixed by gentle pipetting. The addition of the borohydride solution caused some frothing of the two solutions, which were then spun in a bench-top centrifuge to check for the presence of denatured protein, but none was observed. The total activities of the two enzyme solutions were measured by direct enzyme assay and compared with one another and with the starting value before the addition of borohydride.
RESULTS AND DISCUSSION Overproduction of the type I DHQase domain of the pentafunctional AROM polypeptide In E. coli
In order to characterize the individual domains comprising the dimeric AROM protein, previous attempts have been made to overproduce the DHQase activity in E. coli; however, only an extremely modest success was achieved, namely an 8-fold elevation over the levels found in A. nidulans (Kinghorn and Hawkins, 1982; van den Hombergh et al., 1992) . In order to attempt to elevate the level of overproduction and at the same time introduce a single-step affinity purification, the DNA sequence encoding the enzyme was amplified by the PCR and subcloned into the E. coli expression vectors pGEX-2T and pRSETB (see Table 1 ). The pGEX-2T plasmid utilizes the powerful IPTG-inducible tac promoter and produces fusion proteins with the 27 kDa glutathione S-transferase (GST) protein from Schistosoma japonicum fused to the N-terminal end of the target experimental protein under study. Soluble fusion proteins can then be purified from cell-free bacterial lysates under nondenaturing conditions by affinity chromatography using GSH immobilized on Sepharose 4B. The pRSETB plasmid utilizes the powerful T7 promoter and IPTG-inducible T7 polymerase to produce fusion proteins with a 4.47 kDa metal-chelating domain fused to the N-terminal end of the target experimental protein under study. Soluble fusion proteins can then be purified from cell-free bacterial lysates under non-denaturing conditions using immobilized-metal-affinity chromatography (i.m.a.c.). The use of these fusion vectors had a second equally important purpose as they allowed us to detect and assay heterologous domain interactions through measurement of kinetic parameters with the different fusion proteins and isolated DHQase domain.
Recombinant plasmids of both types were rescued from ligation mixtures by transformation of E. coli strain SK3430 and selecting for ampicillin resistance and the appropriate constructs identified by restriction-endonuclease-digestion analysis. Strain SK3430 is an aroD-mutant lacking the E. coli type I DHQase and, as E. coil has only a single (type I) DHQase, such strains have a consequent auxotrophic requirement for aromatic amino acids. In the case of the GST-DHQase fusion it was therefore possible to carry out a preliminary screen for enzyme activity by replica-plating bacteria containing pGEX-2T recombinant plasmids on to minimal medium lacking aromatic amino acids as previously described (Hawkins and Smith, 1991) , to see if the fusion protein could complement the aroD-lesion. The appropriate recombinant plasmids were able to complement the aroD-mutation, allowing growth on non-supplemented minimal medium, and four separate constructs designated pXFl-4 were taken for further analysis to determine whether a fusion protein was being produced in substantial amounts. Isolates of E. coli strain SK3430 transformed with the four experimental plasmids pXFl-4 and control pGEX-2T alone were screened by smallscale SDS/PAGE for protein production as described in the Materials and methods section. All four experimental strains were found to substantially overproduce a protein of the size expected for the correct fusion protein (55.8 kDa) and were regrown and IPTG-induced in bulk cultures (100 ml) at 30 'C. The control strain containing pGEX-2T produced the GST protein of molecular mass 27 kDa and lacked the fusion protein, showing that the IPTG induction worked and that production of the fusion protein was specific to the control strains. Cell-free lysates of these bulk cultures of E. coli strain SK3430 carrying Table 1 Recombinant plasmids generated In the course of this work, and typical specific acUvitIes In cell-free lysates of strains harbouring the Individual plasmids Enzyme specific activity is expressed as ,umol of product produced/min per mg of protein at 37 0C. Abbreviations: NA, not applicable; MC, metal-chelating domain. The oligonucleotide primers for the PCR amplification of DNA were 30-mers containing singly either BamHl or EcoRl recognition sites for pGEX-2T subcloning, and Ncol or Hindill recognition sites for pRSET2B, pKK233-2 and pTrc99a subcloning. In each case the first of the pair of restriction enzymes was for the primer at the 5' end of the target gene and the second at the 3' end of the target gene. The substrate for AROM DHQase was DNA from recombinant lambda AARH 8.1 (Charles et al., 1986) . The PCR product for the pGEX-2T cloning was from co-ordinates 3106-3870 (see Charles et al., 1986; Hawkins et al., 1988) with an additional two amino acids, glycine and serine, at the N-terminus in place of the original glutamine and valine due to the introduction of a BamHl site necessary for subcloning. When the GST/DHQase fusion protein is cleaved with thrombin, these two altered amino acids remain on the N-terminus of the DHQase domain. The primer for the 3' end of the AROM protein DHQase sequences to be amplified had an artificially introduced in-frame translational stop codon. Plasmid pRF1 was constructed by subcloning an Ncol/Hindlll restriction fragment from plasmid pNUFC79 into Ncol/Hindlil-digested pRSETB. This plasmid contains aromA DNA from co-ordinates 3098-3870, but with the N-terminal leucine and glutamine residues replaced by methionine and alanine as a consequence of introducing an Ncol site necessary for cloning. The original cloning procedure used to generate pNUFC79 generated an in-frame artificial stop codon at codon 1291. The substrate for the PCR of the qutB gene was DNA from recombinant lambda AO1 (Hawkins et al., 1985) and the substrate for the PCR of the qa-2 gene was plasmid pVK88 (Schweizer et al., 1981 experimental or control (pGEX2T) plasmids were assayed for type I DHQase activity, and all four experimental strains were found to substantially overproduce a soluble GST-DHQase fusion protein (see Table 1 ), to about 2 x 104-fold the level found in the original expression experiments (Kinghorn and Hawkins, 1982) . E. coli strain SK3430 does not express the T7 polymerase, so it is not possible to carry out the complementation test using recombinant pRSETB plasmids. In this case correctly constructed pRSETB recombinant plasmids were rescued from ligation mixtures in E. coli strain SK3430 and retransformed into strain BL21(DE3) (which has an IPTG-inducible T7 polymerase gene on a prophage) and screened by small-scale SDS/PAGE for recombinant-protein production. Fusion-protein overproduction was observed, but it was extremely variable (results not shown); one substantial overproducer (designated pRFl) was then grown in bulk (100 ml) at 30°C, and cell-free lysates (in 50 mM potassium phosphate, pH 7.2) assayed for type I DHQase activity. Soluble DHQase activity was found in the cell-free lysate, but the levels were substantially lower than for the strains producing the GST-DHQase fusion proteins (see Table 1 ).
Purification of the DHQase fusion proteins
In order to purify the GST-DHQase fusion protein, approx. Enzyme activity appeared within 2 min of adding the elution buffer, but the 3-DHQase enzyme was then rapidly and quantitatively denatured within 8 min to produce a white flocculent insoluble precipitate. This quantitative denaturation occurred each time batch purification was attempted and was a general phenomenon encountered with each of the different overproducing strains tested; this method of purification was therefore abandoned.
As an alternative purification procedure, columns of GSHsubstituted Sepharose 4B were poured in glass Plasteur pipettes as described in the Materials and methods section and used to purify fusion proteins encoded by plasmids pXF3 and pXF4. The columns were equilibrated with buffer 2, and cell-free supernatants were applied to the column in buffer 1. Assay of the column flow-through fractions showed that typically 75 % of the DHQase activity bound to the column. The columns were then washed with 10 bed vol. of buffer 2 and finally eluted with 4 bed vol. of 50 mM Tris buffer, pH 8.0, containing 5 mM GSH (buffer 3), 0.3 ml fractions being collected. Soluble activity was typically recovered in fractions 2-7, with a peak in fractions 3-5. Assay of the combined fractions showed that typically 85 % of the bound activity was released in a stable soluble form, amounting to around 60 % recovery of the original starting DHQase activity. In each case standard molecular-mass markers of phosphorylase b (molecular mass 97 kDa), BSA (molecular mass 66 kDa), ovalbumin (molecular mass 45 kDa), carbonic anhydrase (molecular mass 29 kDa) and fl-lactoglobulin (molecular mass 18.4 kDa) were coelectrophoresed in the unnumbered lanes to calibrate the gel. Each of the lanes containing whole-cell extracts contained approx. 15 ug of protein.
Figure l 2)/0.5 M NaCl (buffer 4) were assayed for DHQase activity and chromatographed on a chelating Sepharose column that had previously been charged with Zn2+ (see the Materials and methods section) and equilibrated with buffer 4 following a 10 bed vol. wash with deionized water to remove unbound Zn2+. Assay of the column flowthrough showed that typically 9500 of the soluble DHQase activity bound to the column, which was subsequently washed with 10 bed vol. of buffer 2. Preliminary experiments established that the DHQase activity was tightly bound to the column and that the great majority of the contaminating protein could be eluted from the column by washing with 0.2 M glycine in buffer 4. In order to eluate the DHQase activity, therefore, a single-step elution of 2.0 M glycine in buffer 4 was applied to the column which had 1 bed vol. of buffer 4 as a reservoir on top of the Sepharose. This effectively gave a short increasing gradient of glycine concentration from 0 to 2.0 M, which eluted contaminating proteins before the 0.2 M glycine step eluted the DHQase activity. Figure 1 Overproduction and purmcation of the A. nidulans qutB-encoded quinate/shikimate dehydrogenase As part of a larger programme of research designed to determine the structures of the enzymes comprising the shikimate and quinate pathways, we have previously reported negative attempts to overproduce the A. nidulans qutB-encoded quinate/shikimate dehydrogenase in E. coli . This enzyme is active in the catabolic quinate utilization pathway and is related to, but distinct from, the shikimate dehydrogenase activity ofthe shikimate pathway AROM protein. E. coli has only one shikimate dehydrogenase (encoded by the aroE gene), and this is active in the shikimate pathway. In order to attempt overproduction of the enzyme in E. coli the qutB protein-coding DNA sequence was amplified by the PCR and subcloned into the expression vector pTrc99a (which contains thie powerful IPTGinducible trc promoter) and the fusion protein expression vector pRSETB. We chose to use two vector systems, as the pTrc99a vector frequently failed to drive overproduction of desired proteins from cloned DNA fragments, whereas in our hands the pRSETB system had a higher success rate.. Appropriate constructs and screening for enzyme overproduction by SDS/PAGE was as described in the Materials and methods section and the preceding part of this section. Recombinant pTrc99a plasmids were screened for their ability to complement E. coli strain GLW55 (which is an aroFT mutant lacking shikimate dehydrogenase) and allow growth on minimal medium lacking aromatic amino acids as described in the preceding part of this section.
The recombinant pTrc99a plasmids (designated pTRIOO) were able to complement the aroE-mutation allowing growth on nonsupplemented minimal medium, but no protein overproduction could be detected by small-scale SDS/PAGE (results not shown) or-direct.enzyme assay of cell free lysates (see Table 1 ). As E. coli ||:
.~~~~~~~~~~~~~~~~~~.:.... Figure 2 Representative SDS/PAGE gels showing the induction and purifcation of the quIB-encoded quinate dehydrogenase fusion protein, and the induction of the qa-2-encoded type 11 DHQase (a) Boiled extracts of E co/icontaining: 1, pRSETB, induced with IPTG; 2, pRF2 uninduced; and 3, pRF2 induced with IPTG. Lanes 4, 5 and 6 contain approx. 1, 2 and 4 ,ug of the affinitypurified metal-chelating domain-quinate dehydrogenase fusion protein. (b) Boiled extracts of E col induced with IPTG and containing: 1, plasmid pTrc99a; 2, plasmid pTR101; 3, plasmid pKK233-2; and 4, plasmid pKK60. The molecular-mass standards electrophoresed in the unnumbered lanes are described in the legend to Figure 1 , and each of the lanes showing whole-cell extracts contained approx. 1 5 ug of protein.
strain GLW55 (aroFE) does not express the T7 polymerase, the in vivo complementation test could not be carried out using the pRSETB recombinant plasmids. Appropriate recombinant pRSETB plasmids were screened in E. coli strain BL21 (DE3) for their ability to direct fusion-protein overproduction using smallscale SDS/PAGE, and in this case substantial overproduction was observed. Several strains substantially overproducing a fusion protein of the expected molecular mass were subsequently grown in bulk (100 ml) at 30°C and induced with IPTG. Assay of a cell-free tysate of one of these strains harbouring a plasmid designated pRF2 showed that substantial amounts of soluble quinate dehydrogenase were produced (see Table 1 ). The metalchelating domain-quinate dehydrogenase fusion protein was purified by i.m.a.c. exactly as described for the DHQase fusion protein described in the preceding part of this section. (Barea and Giles, 1978 obvious, E. coli strain BL21(DE3) harbouring pRF2 produced the quinate dehydrogenase fusion protein at high constitutive levels; the addition of IPTG did not confer any increase in the enzyme specific activity (see Table 1 ).
Overproduction of the N. crassa qa-2-encoded type 11 DHQase
Again, as part of a larger programme of research designed to determine the structures of the enzymes comprising the shikimate and quinate pathways, we have previously reported attempts to overproduce the qa-2-encoded type II DHQase in E. coli . These first attempts achieved only very low levels of production and did not have the benefit of current E. coli expression plasmids. The protein-coding region of the qa-2 gene was amplified by the PCR and subcloned into the E. coli expression vectors pKK233-2 and pTrc99a, both of which have the powerful IPTG-inducible trc promoter. Plasmid pTrc99a differs from pKK233-2 in that is has a bigger multi-cloning site, and has a plasmid borne lacIq gene allowing more controlled gene expression. We have found previously that some genes direct greater levels of protein overproduction depending on which of the two plasmids are used as the vector, therefore we used both to obviate any potential strong difference in overproduction. Appropriate constructs of both plasmids were rescued from ligation mixtures in E. coli strain SK3430 (aroD-) and identified by their ability to complement the aroD-mutation and allow growth on non-supplemented minimal medium, as described above. Appropriate recombinant plasmids were screened in E. coli for their ability to direct DHQase overproduction using small-scale SDS/PAGE. Representative strains containing either of the two types of recombinant plasmid (pKK60 and pTR101) were grown in bulk (100 ml) at 30°C and, and IPTG induction, cell-free lysates were assayed for DHQASE activity (see Table 1 ). Figure 2 Physical and kinetic characterization of the purified proteins Native-molecular-mass determinations
The native molecular masses of the GST-DHQase fusion, the metal-chelating-domain-DHQase fusion, the type I DHQase cleaved from the GST-DHQase fusion, and the metal-chelatingdomain-quinate dehydrogenase fusion proteins were estimated by sieving chromatography on a column of dimensions 115 cm x 1.2 cm using Sephacryl S-300 in 50 mM potassium phosphate, pH 7.2. The column was calibrated by measuring the elution volumes of Blue Dextran (molecular mass 2 x 106 Da), alcohol dehydrogenase (molecular mass 150 kDa), BSA (molecular mass 66 kDa); carbonic anhydrase (molecular mass 29 kDa) and cytochrome c (molecular mass 12.4 kDa) and using these to construct a standard curve which was then used to estimate the molecular mass of each of the purified proteins. Table 2 summarizes the estimated native molecular masses and gives the most probable subunit structure for each protein based on the known subunit molecular mass from the DNA sequence. The molecular mass of the type I DHQase from Salmonella typhi was also determined as a control, but its elution volume was not included in the determination of the standard curve. Inspection of Table 2 leads to the following general conclusions: (1) the native molecular mass of the isolated type I DHQase domain of the AROM protein is consistent with it being monomeric, whereas the estimated molecular mass of the control type I DHQase from S. typhi is consistent with it being dimeric, as has been previously demonstrated . This is of potentially great significance, as most type I DHQases have a native dimer structure, the only exception being the enzyme from Pisum sativum (pea), which is monomeric and forms a bifunctional enzyme with shikimate dehydrogenase (Mousdale et al., 1987) . The GST-DHQase fusion, however, gives an apparent molecular mass consistent with a higher-order structure consistent with either a trimer or tetramer, and is probably caused by an aggregation effect due to the presence of the GST domain. (2) The native molecular mass of the quinate dehydrogenase is consistent with it being monomeric, which is in agreement with the finding for the equivalent enzyme from N. crassa. The molecular mass estimated from both SDS/PAGE and Sephacryl chromatography is higher than that predicted from the known DNA sequences, and this anamolous migration is probably due to the presence of a metal-chelating domain on the N-terminal end of the quinate dehydrogenase enzyme. for the AROM DHQase either monofunctional or as a fusion protein, a significant deviation from Michaelis-Menten kinetics was apparent at high (> 400 ,uM) DHQase concentrations. At these high concentrations the activity was reproducibly enhanced in different preparations of the enzyme, possibly indicating that the enzyme adopted some higher-order structure with altered kinetic parameters under these conditions. The fact that all three Km values are similar strongly suggests that once this DHQase domain has folded, it is stable and is not significantly influenced by the presence or absence of a heterologous protein domain attached to its N-terminus. The apparent Km values for DHQ reported here (see Table 2 ) are the highest for any type I DHQase enzyme and are approx. 40-fold higher than the Km value (5 suM) for the equivalent enzyme from N. crassa when it is part of the pentafunctional AROM protein (Chaudhuri et al., 1986) . The kcat./Km value (at 37°C) for the isolated DHQase domain was calculated to be 2.5 x 104 M-l s-1 from the 40-fold-increased Km and an estimate of catalytic centre activity of 5 s-'. Comparison with a corresponding value of 3.9 x 106 M-' *s-' (at 25°C) for the DHQase activity of the intact pentafunctional AROM protein of N. crassa suggests that the isolated domain is a markedly less efficient catalyst. This could be due to the fact that the AROM DHQase domain, when isolated from the rest of the dimeric AROM protein, is apparently a monomer. The ideal comparison with the DHQase activity of the A. nidulans native AROM protein is not possible at present as this enzyme has not been purified to homogeneity.
These data show that, when folded, the isolated DHQase domain of the A. nidulans AROM protein is stable but has a different native subunit structure and an elevated Km for its substrate DHQase. These observations strongly support an emerging view that the individual domains comprising the pentafunctional AROM polypeptide interact with one another at a gross tertiary level when part of the native dimeric AROM protein (Hawkins and Smith, 1991; . The Km values for the qutB-encoded enzyme substrates quinate, shikimate and NADI and all very similar to the values for the equivalent qa-3-encoded enzyme of N. crassa. The observations, when combined with the data derived from the type I DHQase domain, strongly suggest that fusing a heterologous domain, allowing affinity purification, to the N-terminus of a target protein does not prevent folding or radically alter the affinity of the enzyme for its substrate, and does allow overproduction of proteins previously unstable in E. coli.
In conclusion these data show that the use of 'affinity tagging' as an aid to bulk affinity purification and probing domain interaction has an important role to play in the study of shikimate-and quinate-pathway enzymes.
